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Summary
In a genetic screen for Kinesin heavy chain (Khc)-
interacting proteins, we identified APLIP1, a neuro-
nally expressed Drosophila homolog of JIP-1, a JNK
scaffolding protein [1]. JIP-1 and its homologs have
been proposed to act as physical linkers between kine-
sin-1, which is a plus-end-directed microtubule motor,
and certain anterograde vesicles in the axons of cul-
tured neurons [2]. Mutation of Aplip1 caused larval pa-
ralysis, axonal swellings, and reduced levels of both
anterograde and retrograde vesicle transport, similar
to the effects of kinesin-1 inhibition. In contrast,Aplip1
mutation caused a decrease only in retrograde trans-
port of mitochondria, suggesting inhibition of the mi-
nus-end microtubule motor cytoplasmic dynein [3].
Consistent with dynein defects, combining hetero-
zygous mutations in Aplip1 and Dynein heavy chain
(Dhc64C) generated synthetic axonal transport pheno-
types. Thus, APLIP1 may be an important part of
motor-cargo linkage complexes for both kinesin-1
and dynein. However, it is also worth considering
that APLIP1 and its associated JNK signaling proteins
could serve as an important signaling module for reg-
ulating transport by the two opposing motors.
Results and Discussion
To identify proteins that influence kinesin-1-based axo-
nal transport, genetic interaction tests were done to
search for mutations that act as dominant enhancers
of Kinesin heavy chain [4, 5]. A number of such E(Khc)
mutations were found that caused synthetic axonal
transport phenotypes (i.e., larval paralytic ‘‘tail flipping’’
and organelle-filled ‘‘axon swellings’’) when combined
with a Khc null (Khc27/+; E(Khc)/+). Tail flipping was not
seen and swellings were rare in Khc27/+ or E(Khc)/+ sin-
gle heterozygotes. A subset of E(Khc) loci caused tail
flipping and swellings when homozygous mutant in a
wild-type Khc background, suggesting that the prod-
ucts of those loci have direct roles in axonal transport.
That subset includes Kinesin light chain (Klc), Dynein
heavy chain 64C (Dhc64C),Glued [4, 6], and an unknown
locus on chromosome 3 initially designated E(Khc)ek4
(abbreviated as ek4 below).
To gain more insight into the functions of ek4 prod-
ucts, a number of phenotypic tests were done. Homozy-
gous ek4 mutant larvae showed classic posterior paral-
ysis and axonal swelling phenotypes (Figure 1A) with
severities similar to those caused by strong hypomor-
*Correspondence: bsaxton@indiana.eduphic Khc genotypes [4, 7, 8]. However, in contrast to
such Khc mutants, which die during larval and pupal
stages of development, ek4 mutants survived to be-
come active, fertile adults. Severity comparisons with
a null (Df(3L)Fpa2) indicated that the ek4 mutation is
a strong hypomorphic allele, causing nearly a complete
loss of function (Table 1). These observations suggest
that wild-type products of the ek4 locus have important
axonal transport functions in larvae and that they
have a positive functional relationship with kinesin-1.
However, ek4 is not itself essential, suggesting that
its products contribute to only a subset of kinesin-1
functions.
To test the effects of ek4 mutations on kinesin-1-
dependent fast axonal transport, we used time-lapse
confocal microscopy. GFP-neuronal synaptobrevin
(GFP-nSyb) [9] was used to image transport vesicles
(see Movie S1 in the Supplemental Data available with
this article online), while cytochrome c oxidase-GFP
(mito-GFP) [3] was used to image mitochondria (Movie
S3). They were expressed in motoneurons of larvae by
virtue of Gal4-UAS promoters that were activated by
P[GawB]D42-Gal4 (abbreviated D42), a motor neuron
Gal4 driver [10]. With this system, it has been shown
that hypomorphic Khc mutations cause anterograde
and retrograde flux reductions for GFP-nSyb (60%–
70%) and for mito-GFP (75% and 90%), supporting the
hypothesis that normal dynein function in some pro-
cesses depends on kinesin-1 [3]. Both anterograde
and retrograde GFP-nSyb flux were reduced ~35% in
ek4 mutant axons (Figure 1B, Movie S2), supporting
the idea that wild-type ek4 products facilitate some
kinesin-1 functions. Surprisingly, ek4 mutant axons
showed no change in anterograde mito-GFP flux and a
60% reduction in retrograde flux (Figure 1B, Movies S3
and S4). Currently, the only mutations known to cause a
similar unidirectional inhibition of retrograde mitochon-
drial flux are in Dhc64C (~80%) [3], which encodes the
motor subunit of cytoplasmic dynein.
To further test the possibility that ek4 influences
dynein, additional genetic interaction tests were done
(Table 1). Consistent with the original genetic screen
for dominant enhancers ofKhc, ek4 acted as a dominant
enhancer of Kinesin light chain (Klc), causing synthetic
tail flipping and axonal swelling phenotypes. No such
interaction was seen when ek4 was combined with a
mutant allele of Klp64D, which encodes an anterograde
axonal motor of the kinesin-2 family [11]. However, when
ek4 was combined with a mutant allele of Dhc64C, syn-
thetic tail flipping and axonal swelling phenotypes were
seen. In summary, our results support the hypothesis
that wild-type ek4 gene products facilitate vesicle trans-
port by kinesin-1 and mitochondrial transport by cyto-
plasmic dynein.
To identify the ek4 locus, meiotic recombination and
deletion mapping approaches were initially used. Our
results indicated a position near the tip of the left arm
of chromosome 3 within the 61F3-4 cytological region
(Figure 2A). That interval included APP-like interacting
protein 1 (Aplip1), a gene that encodes a neuronally
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nase (JNK)-interacting protein 1 (JIP-1), a scaffolding
protein that has been shown to bind Kinesin light chain
(KLC), a reelin receptor (ApoER2), and Alzheimer’s amy-
loid precursor protein (APP), as well as JNK pathway
kinases [1, 2, 12]. It has been proposed that JIP-1 and
Figure 1. Axonal Transport Phenotypes in ek4 Mutants
(A) Top: single video frames of wild-type and ek4 mutant third instar
larvae crawling across an agar block (anterior is to the left). Note the
paralytic tail flipping of the mutant. Bottom: micrographs of seg-
mental nerves from similar larvae that were dissected, fixed, and
immunostained for the axonal vesicle protein synaptotagmin (Syt).
(B) The number of vesicles (GFP-nSyb) or mitochondria (mito-GFP)
passing a given point in a nerve per minute (flux) was determined
by time-lapse confocal microscopy of wild-type or mutant animals
(see Movies S1–S4). Mean flux values (6SEM) are shown for ante-
rograde and retrograde organelle transport. The number of different
larvae tested is shown within each bar. P values, determined by
a two-tailed t test (unequal variances), show the significance of dif-
ferences between corresponding wild-type and ek4 mutant values.
Table 1. Genetic Interaction Tests of ek4
Genotype % Flippersa Swelling Severityb
+/+ 0.0 (0, 0) —
ek4/ek4 80.5 (82, 79) +++
Df(3L)Fpa2/ek4c 90.0 (92, 88) ++++
Khc27/+; ek4/+ 86.0 (88, 84) +++
Khc27/+; ek4/P[Aplip1+]d 0.0 (0, 0) +
Df(3L)34ex5/ek4e 66.5 (61, 72) +++
cDhc64Cek1/ek4f 32.0 (29, 35) ++
Klp64Dk5/ek4g 0.0 (0, 0) —
Third instar larvae were scored for posterior paralysis (tail flipping)
and axonal swellings (synaptotagmin accumulations).
a Two independent tests; Avg.% (Test 1%, Test 2%). n = 100 larvae
per test.
b The size and abundance of axonal swellings were scored accord-
ing to the criteria of Martin et al. [4]. n = 5 larvae per test.
cDf(3L)Fpa2 is a deletion that removes the ek4 locus, serving as an
ek4 null.
dP[Aplip1+] is a P element that caries a wild-type Aplip1 gene.
eDf(3L)34ex5 is a deletion that removes Klc.
fcDhc64Cek1 is slightly more severe than a null [4].
gKlp64Dk5 is similar to a null when homozygous but is hypomorphic
when hemizygous (K. Ray, personal communication).its close relative JIP-2 link kinesin-1 with axon vesicles
to facilitate anterograde vesicle transport. Similar kine-
sin-1 linker functions have been proposed for an unre-
lated JNK scaffolding protein, sunday driver (syd,
JSAP, JIP-3), and for APP [13, 14], although the APP-ki-
nesin relationship may be mediated by APLIP1/JIP-1 [1,
15–17]. A P element transgene that included Aplip1 and
flanking sequences fully rescued the tail flipping and
partially rescued the axonal swelling phenotypes of lar-
vae that were doubly heterozygous for Khc27 and ek4
(Table 1). Finally, sequencing of the Aplip1 locus from
ek4 mutant animals revealed a single base change that
converts a conserved proline at position 483 to leucine
(Figure 2B). This proline is within a conserved 11 amino
acid C-terminal region (KBD) that has been shown to be
important for binding of mammalian JIP-1 to KLC [2].
The transgenic rescue and sequencing results confirm
that ek4 is a mutant allele of the Aplip1 gene, and hence
it will be referred to as Aplip1ek4.
To determine whether the P483L mutation affected
KLC-APLIP1 binding, we used epitope-tagged versions
of KLC and APLIP1 for immunoprecipitation studies.
After coexpression of Myc-KLC and wild-type Flag-
APLIP1 in S2 cultured cells, anti-Myc antibody precipi-
tated both proteins (Figure 2C, second lanes). Removal
of the 11 amino acid KBD from Flag-APLIP1 eliminated
detectable binding to Myc-KLC (Figure 2C, third lanes).
Furthermore, changing proline 483 to either leucine or
alanine substantially reduced KLC binding (Figure 2C,
lanes 4 and 5). This shows that P483 is indeed important
for KLC binding, which suggests that at least some of
theAplip1ek4 mutant phenotypes were due to poor asso-
ciation of APLIP1 and kinesin-1.
If APLIP1 links kinesin-1 to anterograde transport
vesicles in Drosophila axons, as has been proposed
for JIP-1 in vertebrates [2], it should localize in axons
and such localization should depend on its ability to
bind KLC. To test those predictions, we transformed
flies with P elements that carried either full-length
UAS-Flag-Aplip1 orUAS-Flag-Aplip1DKBD. When driven
by D42-Gal4, the two constructs produced equivalent
levels of mRNA, which were many times in excess rela-
tive to the endogenous gene in larvae (Figure S1). West-
ern blots of larvae with anti-Flag were not successful,
but both the full-length and the DKBD Flag-tagged
proteins were seen at equivalent levels in Westerns of
transfected S2 cells, suggesting that both were stable
(Figure 2 and Figure S2, middle panel). Interestingly,
D42-Gal4-driven expression of one copy of full-length
UAS-Flag-Aplip1 in motoneurons caused dramatic tail
flipping (Figure 3A) and nearly 100% lethality during
late larval and pupal stages. In larval nerves, it caused
axon swellings that stained intensely for vesicles (anti-
Syt) and APLIP1 (anti-Flag) (Figure 3C). D42-Gal4-driven
expression of the deletion construct caused no tail flip-
ping (Figure 3B) or lethality. It did cause some axon
swellings in larval nerves, and Flag-APLIP1DKBD stain-
ing was visible in those swellings (Figure 3D). However,
the overall amount of staining in nerves was substan-
tially reduced relative to the amount seen after expres-
sion of the full-length protein.
The presence of residual Flag-APLIP1DKBD in larval
nerves indicates that some was transported into axons
despite the fact that its binding to kinesin-1 was
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2139Figure 2. The ek4 Dominant Enhancer of Khc
Mutation Is an Allele of Aplip1 that Inhibits
Binding between APLIP1 and Kinesin Light
Chain
(A) Chromosomal deficiencies (Df) on the left
arm of chromosome 3 (3L) were used to map
the ek4 locus to 61F3-4 by genetic comple-
mentation. The horizontal bars indicate chro-
matin that is absent from the listed deficiency
chromosomes. Those that complemented
ek4 are indicated by gray bars, and those
that failed to complement are indicated by
black bars.
(B) Sequence alignment of the C-terminal 27
residues of JIP-1 proteins from various spe-
cies and of APLIP1 from Drosophila. Full
sequence length for each protein is noted in
parentheses. The 11 residues previously de-
fined as a KLC binding domain [2] are noted
by a black line (KBD). The location of a single
amino acid change in the Aplip1 gene of ek4
mutants (P483L) is noted by an asterisk.
(C) The effects of P483L and other sequence
changes on binding between KLC and
APLIP1. S2 cells were transfected with the in-
dicated epitope-tagged constructs. Cell ly-
sates were incubated with anti-Myc antibody
to immunoprecipitate Myc-KLC. The result-
ing pellets were then analyzed by Western
blotting with anti-Myc or anti-Flag (for Flag-
APLIP1). The bottom panel demonstrates
that the wild-type and mutant Flag-APLIP1
proteins were present at similar levels in the
starting cell lysates.compromised. JIP-1 as well as APLIP1 is known to form
multimers [1, 12]. Indeed, immunoprecipitation tests in-
dicated that tagged APLIP1 and APLIP1DKBD can form
stable multimers with one another (Figure S2). Thus, it is
possible that in larval neurons, endogenous wild-type
APLIP1 mediated linkage of some transgenic Flag-
APLIP1DKBD to kinesin-1. Overall, our results suggest
that binding between APLIP1 and KLC is an important
factor in the presence of APLIP1 in axons, providing in
vivo support for the hypothesis that APLIP1 is trans-
ported anterograde by kinesin-1.
To test the possibility that APLIP1 is associated with
dynein-driven retrograde transport as well as with kine-
sin-1-driven anterograde transport, we developedtransgenic flies carrying a UAS-GFP-Aplip1 transgene
that expressed a stable fusion protein (Figure S2).
When combined with the D42-Gal4 driver, some trans-
formant lines showed paralysis and GFP-filled swel-
lings, similar to the Flag-APLIP1 lines. Time-lapse imag-
ing did not reveal obvious transport, suggesting that the
GFP-APLIP1 was transported in a form too dispersed for
imaging of discrete punctate signals. Turning to a classic
axonal transport approach, we developed a method for
nerve ligation [18, 19] in Drosophila larvae. A homozy-
gous UAS-GFP-Aplip1 D42-Gal4 transformant line was
used in which there were few axonal swellings and little
visible axonal GFP fluorescence, presumably because
of low expression. Intact live larvae were constricted
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2140Figure 3. Bidirectional Axonal Transport of
APLIP1 and Overexpression-Induced Axonal
Transport Phenotypes
(A–D) Wandering third instar larvae (A and B)
or segmental nerves (C and D) with overex-
pression of one copy of either full-length
Flag-APLIP1 (left) or Flag-APLIP1 with the
KBD deleted (right). Expression was driven
in motor neurons by one copy of the D42-
Gal4 driver. Expression rates for the two
APLIP1 constructs were similar and many
times greater than the endogenous protein
(see Figure S1).
(A and B) Single video frames of live larvae
crawling on agar blocks. The full-length con-
struct caused severe tail flipping and slowed
growth.
(C and D) Micrographs of larval segmental
nerves costained for the vesicle protein Syn-
aptotagmin (Syt) and for Flag-APLIP1 (Flag).
These images were selected as representa-
tive from 40 different nerve locations in 10 lar-
vae per genotype.
(E) Ligated segmental nerves of larvae ex-
pressing GFP-APLIP1 in motor neurons.
Whole live larvae were constricted with syn-
thetic filaments for 4 hr to generate focal
compressions of segmental nerves that
would block organelle transport. They were
then dissected and fixed and the GFP was
imaged. The top two panels show composite
images of nerves from two different animals
generated with a 403 objective lens. Note
the accumulation of GFP-APLIP1 at the liga-
tion site on both the cell body side (proximal)
and the axon terminal side (distal). The bot-
tom panels show single images (603 objec-
tive) of the accumulations in the middle panel.
Scale bars equal 10 mm.with a fine synthetic fiber midway between head and tail
to compress their segmental nerves. After 4 hr, they
were partially dissected in fix, the ligation threads were
cut, dissection was completed, and the nerves were im-
aged (Figure 3E). Distinct compressed regions were
flanked by bright accumulations of GFP-APLIP1 on
both the proximal and distal sides. This provides
a strong indication that APLIP1 is carried not only by an-
terograde, but also by retrograde axonal transport.
Conclusions
By using an in vivo genetic approach to identify proteins
that contribute to the mechanism of kinesin-1-driven an-
terograde axonal transport, we identified APLIP1, a Dro-
sophila homolog of the JNK-interacting protein JIP-1. In
vivo axonal transport analysis with intact nervous sys-
tems suggests roles for APLIP1 in anterograde and ret-
rograde transport of nSyb-tagged vesicles and in retro-
grade transport of mitochondria. Similar neuronal
phenotypes were seen with either Aplip1 inhibition or
overexpression, suggesting that correct stoichiometry
of APLIP1 and its interacting proteins is critical for
normal organelle transport. The influence of APLIP1 on
nSyb vesicle transport in both directions could be ex-
plained simply by its importance for kinesin-1 function.
Khc is required for normal retrograde dynein activity as
well as for anterograde kinesin-1 activity, probably be-
cause of a physical or regulatory relationship betweenthe two motors [3, 4, 20, 21]. Alternatively, APLIP1 might
make separate contributions to kinesin-1-driven ante-
rograde and dynein-driven retrograde vesicle transport.
The selective influence of APLIP1 on retrograde, but
not anterograde, transport of mitochondria, as well as
Aplip1-Dhc64C genetic interactions, suggests that
APLIP1 does have distinct, kinesin-independent func-
tions in dynein-driven transport, at least for mitochon-
dria. Considering how APLIP1 and other JIP-1-related
proteins contribute to axonal transport mechanisms,
binding studies suggest they may be structural compo-
nents of kinesin-1-cargo linkage complexes (this report)
[1, 2]. However, the APLIP1 influence on retrograde mi-
tochondria, the well-known scaffolding role of APLIP1/
JIP-1 in the JNK signaling pathway, and indications
that JNK may influence motor linkage [17] must also
be kept in mind. Mitochondrial transport and distribution
in axons responds dramatically to extracellular signaling
[22, 23] and may also respond to intracellular signaling
stimulated by changes in mitochondrial membrane po-
tential (P. Hollenbeck, personal communication) [24].
APLIP1 might be important in those or in other pathways
that regulate dynein-cargo linkage and/or mechano-
chemistry. Future tests for a physical APLIP1-dynein as-
sociation and for influences of JNK signaling on axonal
transport may provide important insights into the micro-
tubule-based transport mechanisms required to sustain
neurons and other large asymmetric cells.
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